Objective: To evaluate the influence of volume unloading by bidirectional superior cavopulmonary anastomosis on the systemic right ventricle in patients with hypoplastic left heart syndrome.
Methods: A total of 90 consecutive patients with hypoplastic left heart syndrome, who had survived the early postoperative period after bidirectional superior cavopulmonary anastomosis, were studied. Seven patients were excluded because of tricuspid valve surgery before or in association with bidirectional superior cavopulmonary anastomosis. The echocardiograms of the remaining 83 patients were reevaluated for tricuspid valve regurgitation and the size of the tricuspid annulus before bidirectional superior cavopulmonary anastomosis and at the last available follow-up examination before total cavopulmonary connection.
Results: Echocardiograms were performed a median of 5 days before bidirectional superior cavopulmonary anastomosis. Tricuspid valve regurgitation was graded as 0 in 11 patients, I in 37 patients, II in 24 patients, and III in 11 patients. Follow-up echocardiograms were performed a median of 17 months after bidirectional superior cavopulmonary anastomosis. Postoperatively, tricuspid valve regurgitation was graded as 0 in 14 patients, I in 37 patients, II in 21 patients, III in 6 patients, and IV in 5 patients. Postoperatively, the mean Z value of the tricuspid annulus stayed the same in patients with significant tricuspid valve regurgitation (grade III or IV) after bidirectional superior cavopulmonary anastomosis but had decreased in the remaining patients. No significant change was seen in the level of tricuspid valve regurgitation after bidirectional superior cavopulmonary anastomosis compared with the preoperative data.
Conclusions:
The relative size of the tricuspid annulus in patients with hypoplastic left heart syndrome decreases after bidirectional superior cavopulmonary anastomosis, most likely owing to volume unloading and promotion of the remodeling of the systemic right ventricle. However, this remodeling of the right ventricle does not improve the grade of tricuspid regurgitation. (J Thorac Cardiovasc Surg 2012;144:1102-9) Significant tricuspid valve (TV) regurgitation (TR) is a risk factor for early and late adverse outcomes 1, 2 in the treatment of patients with hypoplastic left heart syndrome (HLHS). TV function in these patients is determined by several interrelated factors, including volume overload and dilation of the right ventricle (RV), dilation of the TV annulus, structural abnormalities of the tricuspid leaflets, and deteriorating RV function. 3 Three-stage surgical univentricular palliation is an established treatment strategy for HLHS. 4 The construction of a bidirectional superior cavopulmonary anastomosis (BSCPA), which follows the initial Norwood operation, alters the source of pulmonary blood flow and reduces the volume load of the systemic RV. 5 The decreased ventricular volume seems to reduce the rate of tricuspid annulus dilation. 6 Some studies have suggested that the regurgitation of the atrioventricular valve in single-ventricle patients might improve after BSCPA without concomitant valvuloplasty. 7 The objective of our study was to elucidate the influence of volume unloading by BSCPA on the systemic RV in the patients with HLHS and its influence on systemic TR. According to the results obtained, we wanted to discuss the possible clinical implications regarding TV repair at BSCPA.
PATIENTS AND METHODS Patient Selection
We identified all patients with HLHS who had undergone Norwood I palliation and BSCPA from 2001 to 2010 from our institutional cardiothoracic surgical database. We performed a retrospective review of 90 consecutive patients who had survived the early postoperative period after BSCPA. A total of 7 patients, in whom TV reconstruction or replacement had to be performed before (n ¼ 2) or at BSCPA (n ¼ 5) because of severe TR, were excluded from the final study group.
Echocardiographic Examination
Two echocardiograms from each patient (n ¼ 83) were reevaluated by a single experienced observer: 1 before BSCPA (preoperatively) and the other at the last available follow-up point before total cavopulmonary connection (postoperatively).
The following measures were obtained: the degree of TR, morphology of the TV in the presence of significant regurgitation, the size of the TV annulus, tricuspid annular plane systolic excursion (TAPSE), and RV function. TR was graded qualitatively into 1 of 5 levels: absent (0), trivial (I), mild (II), moderate (III), or severe (IV). The grade was determined by the width and length of the insufficiency jet. Significant TR was defined as grade III or IV. The pathologic features of the TV were described for all patients with significant TR. TV annulus was measured as the maximum distance between the TV leaflet hinge points in the apical 4-chamber view. The size of the TV annulus was standardized to the body surface area of the patient at the time of echocardiography. 8 TAPSE was measured using 2-dimensional echocardiography-guided M-mode recordings from the apical 4-chamber view, with the cursor placed at the free wall of the tricuspid annulus. To be able to compare the pre-and postoperative TAPSE values of the children with HLHS, the mean expected TAPSE values for age in the normal population were determined for each patient preoperatively and postoperatively (''normal TAPSE for age''). 9 The measured TAPSE values were then compared with these values to obtain a TAPSE/age ratio according to the formula: TAPSE/age ratio ¼ (measured TAPSE/normal TAPSE for age) 3 100. A ratio of 100% would mean that the measured value is the same as the value for a healthy child of the same age. RV function was qualitatively graded as normal, mildly, moderately, or severely depressed (''eye balling'').
Missing Values
The necessary loops for obtaining all the parameters could not be obtained from some of the echocardiograms performed during the early part of the study period. Consequently, 18 preoperative and 6 postoperative values were missing for TV annulus and 20 preoperative and 6 postoperative values for TAPSE were missing. The number of patients with missing values was not significantly different between the examined groups for any of these parameters.
Statistical Analysis
Descriptive statistics are described as frequencies and percentages for categorical variables. Continuous variables are expressed as the mean AE standard deviation, if normally distributed, or median and range for a non-normal distribution. Fischer's exact test or McNemar's test was performed to detect significant differences between groups (2-tailed tests were used for all analyses). Continuous variables were compared between groups using the 2-tailed unpaired Student t test and within the groups using the 2-tailed paired Student's t-test. All data were analyzed using SPSS software, version 19.0 (SPSS, Inc, Chicago, Ill).
The institutional review board approved the present retrospective follow-up study. The requirement for informed consent was waived. We all had full access to the data and take full responsibility for the integrity of the data.
RESULTS
The mean age at BSCPA was 4.4 AE 1.5 months, and mean weight was 5.29 AE 0.89 kg. Echocardiograms before BSCPA were performed a median of 5 days (range, 0-25) preoperatively. Follow-up echocardiograms were performed a median of 17 months (range, 7 days to 57 months) after BSCPA. For 5 patients, the follow-up echocardiogram was performed 7 to 14 days postoperatively and for another 4 patients 15 to 21 days postoperatively. All these children had travelled for surgery from another country, and details of more recent echocardiograms could not be obtained for the present study. In the remaining 74 patients, a follow-up echocardiogram was performed at least 1 month postoperatively. The mean age at the completion of univentricular palliation was 20.7 AE 8.0 months.
TV Regurgitation
Before BSCPA, TR was graded as 0 in 11 patients, I in 37 patients, II in 24 patients, and III in 11 patients (Figure 1, A) . Postoperatively, TR was graded as 0 in 14 patients, I in 37 patients, II in 21 patients, III in 6 patients, and IV in 5 patients (Figure 1, B) . No significant change was seen in the level of TR after BSCPA compared with the preoperative data (P ¼ .68, patients with TR grade ! II and P ¼ 1.00, patients with TR grade ! III).
The comparison of pre-and postoperative TR on an individual patient basis is presented in Table 1 . The echocardiographic details of each patient with significant TR, including the underlying pathologic features of the tricuspid leaflets, are listed in Table 2 .
The patients were divided into 3 groups. Group 1 included 65 patients who did not have significant TR either before or after BSCPA. Group 2 included 7 patients who had significant TR preoperatively but after BSCPA had nonsignificant TR. Finally, group 3 included 11 patients with significant TR postoperatively, regardless of the preoperative finding; before BSCPA, 4 had significant and 7 nonsignificant TR. The median follow-up period was similar in all groups (group 1, 17.0 months; group 2, 15.8 months; and group 3, 18.5 months). Figure 2 shows the mean Z value of the TVannulus before and after BSCPA for all 3 groups. The mean Z value of the TV annulus before BSCPA was significantly lower in group 1 (0.98 AE 0.82) than in group 2 (1.84 AE 0.69; P ¼ .015) and tended to be lower than in group 3 (1.54 AE 0.66; P ¼ .071). No statistically significant difference was seen in the preoperative Z value of the tricuspid annulus between groups 2 and 3 (P ¼ .421). After BSCPA, the Z value of the tricuspid annulus was lower in group 1 (0.41 AE 0.70) than in group 3 (1.32 AE 0.85; P ¼ .008), while no statistically significant difference was found between group 2 (0.87 AE 0.54) and group 1 (P ¼ .101) or group 3 (P ¼ .215). Figure 3 shows the TAPSE/age ratio before and after BSCPA for all 3 groups. Before BSCPA, the TAPSE/age ratio was the same in all patients, lower than the expected value for the same age group of healthy patients. After BSCPA, the TAPSE/age ratio was greater in group 3 (62.38 AE 9.58) than in group 1 (51.64 AE 8.97; P ¼ .006) or group 2 (50.41 AE 10.52; P ¼ .033), while no difference was noted between groups 1 and 2 (P ¼ .775).
TV Annulus
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RV Function
Before BSCPA, RV function was normal in 79 patients (95%), mildly reduced in 3 (4%; 1 patient in group 1 and 2 patients in group 3), and moderately reduced in 1 patient (in group 2; 1%). Reduced RV function was found more often in patients with significant TR than in those with nonsignificant TR. After BSCPA, RV function was normal in 72 patients, mildly reduced in 8 (5 in group 1, 1 in group 2, and 2 in group 3), moderately reduced in 1 patient (in group 3), and severely reduced in 2 patients (both in group 1).
In 3 of 4 patients with preoperative RV dysfunction, the function normalized after BSCPA. In 1 patient (with mildly decreased RV function), the finding was the same before and after BSCPA. In the remaining 10 patients with reduced RV function postoperatively, RV dysfunction was seen for the first time after BSCPA.
Relationship Among Relative Size of Tricuspid Annulus, TAPSE, and RV Function
Patients with a preoperative Z value of the tricuspid annulus greater than 1.5 also had a larger TAPSE/age ratio (68.3 AE 12.1) than the patients with a smaller annulus (58.4 AE 6.6; P < .001). Postoperatively, this relationship between the TAPSE values and the Z value of the tricuspid annulus could not be confirmed (P ¼ .115).
Postoperative RV function was not dependent on the preoperative (P ¼ .862) or postoperative (P ¼ .179) Z value of the tricuspid annulus.
The patients with postoperatively reduced RV function had a lower postoperative TAPSE/age ratio (44.1% AE 10.8%) than the patients with normal RV function (54.4% AE 9.0%; P ¼ .015).
DISCUSSION
Significant TR is known to reduce the long-term hemodynamic performance of the systemic RV in patients with HLHS and is a risk factor for early and late adverse events. 1, 2 Some studies have suggested that the grade of TR will decrease after BSCPA without surgical intervention on the TV. 7 Our data have shown that effective volume unloading might reduce TV size but does not necessarily influence TR.
TV Regurgitation
The prevalence of significant TR in our patients was 13% before BSCPA, similar to previously reported data. 10 The follow-up echocardiograms revealed an unchanged percentage of patients with significant TR after BSCPA. Considering the individual patients, almost one half exhibited no change in the grade of TR and 40% exhibited a change of AE1 grade (ie, postoperative grade of TR was 1 grade more or 1 grade less than the preoperative grade of TR). The patients with significant TR preoperatively had a larger annulus than the rest of the series, and, similarly, the patients with significant TR postoperatively had a larger TV annulus than those with nonsignificant TR postoperatively. These findings have demonstrated the importance of TV annulus dilation in the pathophysiology of TR. It is known that the morphology of the TV varies in patients with HLHS. 11 In our study, the most common pathology of TV leaflets in the patients with significant TR was restriction of the septal leaflet and prolapse of the anterior leaflet; the leaflets were only seldom described as normal.
TV Annulus
Before BSCPA, patients with HLHS have a faster rate of tricuspid annulus growth than the patients with normal, biventricular hearts. 6 Our data have indirectly confirmed this finding, because the TVannulus in our series was larger than in the normal population. BSCPA diverts the blood flow from the superior vena cava to the lungs and, therefore, reduces the volume load of the systemic RV. 5 Although this has been shown even in patients in whom an additional source of pulmonary blood flow has been preserved after BSCPA, 11 it is important to note that, as we previously reported, we never leave any additional blood flow when performing BSCPA. 12 Seliem and colleagues 13 reported that the RV end-diastolic volume decreases by 33% after BSCPA. In our patient population, the mean Z value of the TV annulus decreased significantly after BSCPA in all patients without no significant TR postoperatively. This is in accordance with work by Michelfelder and colleagues, 6 who showed that the decreased ventricular volume after BSCPA normalizes the rate of tricuspid annulus growth. However, in the present study, the relative size of the TV annulus did not change after BSCPA in the patients with significant TR postoperatively. Significant TR after BSCPA leads to high preload and might neutralize RV remodeling.
Tricuspid Annular Plane Systolic Excursion
To achieve a better understanding of the changes in the RV after BSCPA, we examined the TAPSE. The measurement of Because it has been shown that TAPSE is affected by increasing age, we evaluated TAPSE indexed to age, as suggested by Koestenberger and colleague. 9 Nii and colleagues 16 have suggested that TV annular dynamics are different in patients with HLHS because of a lack of interaction with the left ventricle. All the patients in our series had reduced TAPSE compared with the normal values for the corresponding age group, both before and after BSCPA, although most had normal RV function. In the patients with nonsignificant TR, TAPSE was significantly reduced after BSCPA. In the presence of significant TR, no operation-related change in TAPSE was noted. This suggests that TAPSE is directly related to RV preload status: before BSCPA (with the aortopulmonary, modified Blalock-Taussig, or Sano shunt), the preload and TAPSE levels are greater than the post-BSCPA levels. RV preload and TAPSE only remain high after BSCPA in patients with significant TR. It is also of note that TAPSE is a volume-dependent parameter. Owing to the larger difference between the systolic and diastolic RV volumes, the TAPSE is greater when TR is present.
RV Function
The effect of volume overload on the function of the systemic RV in patients with HLHS has been extensively investigated, leading to the current consensus of favoring early unloading. 17 Hansen and colleagues 10 described a deterioration of RV function after BSCPA. In their study, the followup echocardiograms were done 2 weeks after BSCPA, and the RV dysfunction might have been caused by the effects of the cardiopulmonary bypass. In our study, the prevalence of reduced RV function was also greater after BSCPA. Most of the patients who had reduced RV function postoperatively had a normally functioning ventricle before the operation. Because the interval between BSCPA and the second echocardiogram for each of these patients was more than 8 weeks, the postoperative RV dysfunction was unlikely to be a transient effect due to some element of the operation. A partial explanation for this finding is that morphologically the RV is required to support the systemic circulation in patients with HLHS. However, because the mechanisms of how hypoplasia of the left heart affects the function of the systemic RV in patients with HLHS are complex and not completely understood, additional detailed investigation of the morphology and function of the systemic RV are needed to clarify this phenomenon.
Potential Clinical Implications
A recent study by Elmi and colleagues 2 showed that approximately one quarter of all HLHS survivors will have undergone surgical TV procedures within the first 10 years of life. They noted that most of the TV interventions are performed in the early years of childhood but that a certain percentage of children require valve surgery at a later date, after completion of univentricular palliation. 2 The surgical strategy is individual, depends on the specific valve morphology, and includes variations in annuloplasty (De Vega, posterior leaflet obliteration) and leaflet/chordal reconstruction. Several publications have reported good outcomes for surgical repair of the systemic TV in patients with HLHS. 3, [18] [19] [20] However, the correct timing for valvuloplasty in patients with a single ventricle is still debated. A recent study by Dinh and colleagues 20 showed an early success rate of 71% after tricuspid repair, with most patients maintaining good valve function during the follow-up period. Although younger patients had worse early outcomes, no significant differences were seen in age or weight at tricuspid repair between the success and failure groups at the late outcome point. 20 Some studies have suggested that regurgitation at the atrioventricular valve in patients with univentricular heart might improve after BSCPA without concomitant valvuloplasty, 7 although others have argued the opposite and suggest a TV repair at BSCPA if more than moderate regurgitation is present. 10 Our data have shown that most of the patients with HLHS will experience a reduction in the relative size of the TV annulus after BSCPA. However, this remodeling of the RV does not lead to an improvement in TR. The patients with significant TR after BSCPA had a larger TV annulus than those with nonsignificant TR. A possible explanation might be that significant TR after BSCPA neutralizes RV remodeling or, vice versa, when RV remodeling does not lead to a reduction of the annulus, significant TR remains after BSCPA.
It can therefore be assumed that, without surgical intervention, the grade of TR present at BSCPA will remain unchanged until completion of the univentricular palliation, which usually occurs 1 to 2 years after BSCPA. During this time, significant TR might have a detrimental effect on the long-term function of the RV. Taking all this into account, together with the good results after tricuspid valvuloplasty, which have been reported even in younger children with HLHS, it can be postulated that, although an individual approach to each patient is necessary, in the patients with significant TR (moderate and severe), TV repair should be considered at the time of BSCPA.
Study Limitations
The present study was retrospective, and the echocardiograms were obtained from the hospital archive. Thus, it was not possible to measure all the desired parameters from the available echocardiographic loops. Although the study group was relatively large, the number of the patients with significant TR was small. This might have limited the value of the statistical evaluation of the groups.
CONCLUSIONS
Unloading of the right ventricle by BSCPA in patients with HLHS promotes the remodeling of the systemic RV, which leads to a decrease in the relative size of the TV annulus. However, this remodeling of the RV does not improve the degree of TR. In the presence of significant TR, TV repair should be considered at the time of BSCPA. 
Discussion
Dr Shunji Sano (Okayama, Japan). Just to clarify, the partial cavopulmonary connection (PCPC) means the bidirectional Glenn or hemi-Fontan?
Dr Kasnar-Samprec. We almost always performed a bidirectional Glenn.
Dr Pedo del Nido (Boston, Mass). First, congratulations for a very timely study. I think all of us are very interested in the tricuspid valve in this particular patient group, and your information is actually going to be very useful for decision-making. I also want to thank you for sending me the manuscript with plenty of time.
I would like to try to delve slightly deeper into some of the information that you provided and to really try to understand your recommendation, because I agree with you, but I think the rationale still needs to be discussed.
The first question I have for you is that if we focus on your group 2, the patients who had improvement in their volume size and tricuspid valve annulus with only the PCPC, if I understand it correctly, the vast majority of those patients, had some degree of significant TR, and they improved on their own without any intervention on the tricuspid valve. Is that correct?
Dr Kasnar-Samprec. Yes, 7 of the patients did.
Dr del Nido. If that is the case, can you tell me something about the surgical factors that might have contributed to that. In other words, how many of those patients had shunts versus right ventricle to pulmonary artery conduits and what was their Qp/Qs at the time they underwent the stage 2 procedure?
Dr Kasnar-Samprec. These are the patients operated on between 2001 and 2010. In the early years, we mostly used aortopulmonary shunts or modified Blalock-Taussig shunts. Later, we were using the right ventricle to pulmonary artery conduits as often as possible. Studying the 3 groups separately, no significant difference was seen between the number of Sano shunts and the number of other shunts used. So, the groups were approximately the same. We had approximately one quarter of the aortopulmonary shunts or modified Blalock-Taussig shunts in all groups. Dr del Nido. The other question I had, and really it is more of a concern, and that is that you had a median follow-up of 17 months, which is great, because it is important to know what happens within that period, but your range was from 7 days to 57 months.
Dr Kasnar-Samprec. Yes. Dr del Nido. My question is: Clearly your technique evolved during those 10 years, were there differences in the follow-up period for the 3 different groups?
Dr Kasnar-Samprec. No.
Dr del Nido. No differences?
Dr Kasnar-Samprec. No, there were no differences. We had, all together, 9 patients who underwent follow-up echocardiography between 7 and 28 days postoperatively. Actually, only 1 patient at day 7, the next 4 patients at approximately day 14, and the rest later.
We sometimes operate on patients who travel from other countries to our institution, and we did not have all the necessary data for our study, so we could not reevaluate more recent echocardiograms. However, the median time for each group was approximately 17 months. It was 17 months for group 1, 16 for group 2, and 18 for group 3. The mean values were also approximately the same.
Dr del Nido. Okay. Thank you. My next question relates to your recommendation, which is that one should consider tricuspid valve repair if the patient has more than mild tricuspid regurgitation, moderate or severe, at the stage 2 procedure, which gets at the predictive value of your study. You have 2 groups, 1 group that got better on its own, which was group 2, and 1 group that did not. What would you recommend as a procedure that would cover both of those groups?
Dr Kasnar-Samprec. When we started the study, we clearly first looked at whether there is something which we could use to determine directly before the PCPC, yes, this patient definitely needs tricuspid surgery; or no, this patient definitely does not. Our data unfortunately did not show that. So, the 2 graphs I showed are actually based on the knowledge of what happened after the PCPC.
It would clearly be very easy to say, yes, in group 3, the annulus will not change, so we should do an annuloplasty. In group 2, we do not have to anything. However, this is unfortunately not the case. At the time when we are planning the PCPC, we cannot predict which patient will have an improvement of significant TR or which will develop significant TR. So, this is definitely a very difficult question.
Dr del Nido. The flip side of that coin is that if you are suggesting annuloplasty, the annulus size in all your patients was within 2 standard deviations of normal. So, they were all normal. Thus, reducing the annulus might or might not help very much at all. Also, in fact, the worst group, group 3, had no change in valve annulus, and it was normal. So, it begs the question.
Dr Kasnar-Samprec. It was normal; however, it was larger than in the normal population, just as in all of other patients before PCPC.
Dr del Nido. Usually within plus or minus 2 standard deviations is considered normal. All your patients, if I understand it correctly, were within that range.
The other question that I have is that if you consider the Single Ventricle Reconstruction trial, which was a large trial, they have a very similar experience. The incidence of more than mild tricuspid regurgitation was slightly greater, at stage 2, it was about 18%. However, if you look 1 year later, or 14 months later, the incidence was the same, independent of what was done to those children.
The question is: Were those the same children? Also, I think what your study is showing is that there are different groups. Some children definitely improve by just having the volume load removed and then there are those who do not. But we still do not have a very good predictor of which children will or will not improve.
